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ABSTRACT 
The a p p l i c a t i o n  o f  a c t i v e  c o n t r o l  t e c h n o l o g y  t o  r e d u c e  a e r o e l a s t i c  r e -  
sponse o f  a i r c r a f t  s t r u c t u r e s  o f f e r s  a p o t e n t i a l  f o r  s i g n i f i c a n t  p a y o f f s  i n  
terms o f  aerodynamic e f f i c i e n c y  and  weight  savings. To r e d u c e  t e c h n i c a l  r i s k s ,  
research was begun a t  NASA i n  t h e  e a r l y  1 9 7 0 ' s  t o  advance th i s   concep t .   Th i s  
p resen ta t i on  desc r ibes  some o f  t he  con t r i bu t i ons  o f  t he  Lang ley  Research  Cen te r  
i n  a d v a n c i n g   a c t i v e   c o n t r o l   t e c h n o l o g y .   C o n t r i b u t i o n s   a r e   c a t e g o r i z e d   i n t o   t h e  
development o f  a p p r o p r i a t e  a n a l y s i s  t o o l s ,  c o n t r o l  l a w  s y n t h e s i s  m e t h o d o l o g y ,  
and e x p e r i m e n t a l  i n v e s t i g a t i o n s  a i m e d  a t  v e r i f y i n g  b o t h  a n a l y s i s  and syn thes is  
methodology. The work   repor ted   here in  was e i the r   pe r fo rmed   i n -house   o r   under  
c o n t r a c t  t o  t h e  S t r u c t u r e s  D i r e c t o r a t e  a t  LaRC. 
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CONTRIBUTIONS 
This char t  l i s t s  th ree  o f  the areas t o  which the LaRC has rnade contri- 
butions advancing active  control  technology. The following  charts  will 
expand on each o f  these areas. 
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STABILITY ANALYSIS 
This chart describes the difficulty i n  performing a s tabi l i ty  calculat ion 
for an actively controlled flexible aircraft including the effects of unsteady 
aerodynamics. The structural quantities are defined i n  terms of the  general- 
ized masses [MI, the structural damping coefficients [ C ] ,  and the structural 
s t i f fnesses  [ K l .  The control law i s  normally expressed  as a transfer  function 
which relates control surface motion t o  a i r c ra f t  response and is  writ ten as a 
r a t io  of  polynomials  in the Laplace. variable S ,  The unsteady  aerodynamics 
are computed for  simple harmonic nlotion at  specific values of reduced frequency 
and can n o t  be cast  into the form shown  on the chart; The problem facing the 
ana lys t  i s  to  develop a s e t  of constant coefficient differential equations 
where the unsteady aerodynamics, the control law, and the structural terms are  
compatible. Once the equations are cast into this form, a number  of synthesis 
and analysis methods developed for other applications may be ut i l ized.  
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UNSTEADY AERODYNAMIC APPROXIMATION 
I n  l i e u  o f  d e v e l o p i n g  a comple te ly  new aerodynamic theory, the approach 
t a k e n  i s  t o  a l l o w  t h e  v a r i a t i o n  o f  t h e  a e r o d y n a m i c  f o r c e s  w i t h  f r e q u e n c y  t o  
be  approximated  by a r a t i o n a l  f u n c t i o n  i n  t h e  v a r i a b l e  S .  The f o r m   o f   t h e  
func t i on  p resen ted  pe rm i t s  an approximat ion o f  t h e  t i m e  d e l a y s  i n h e r e n t  i n  
unsteady  aerodynamics  subject   o: .   denominator  roots i n  t h e  l e f t - h a n d  p l a n e ,  
and a good approx imat ion  o f   the  complex  unsteady  aerodynamic  terms a t  S = j w .  
The a p p r o x i m a t i n g  c o e f f i c i e n t s  (Ao, A1 ,. . . , Ag) are  eva lua ted  by  a l e a s t -  
squares curve fit through  the  va lues  o f  comp lex  ae rodynamic  te rms  a t  d i sc re te  
va lues   o f   requency .  The c h a r t   i l l u s t r a t e s  a t y p i c a l  f i t ,  The s o l i d   c u r v e  
r e p r e s e n t s   t h e   a p p r o x i m a t i n g   f u n c t i o n .   T h i s   t e c h n i q u e   i s   s i m i l a r   t o   t h a t  
d e s c r i b e d  i n  r e f e r e n c e  1 .  
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TYPICAL DYNAMIC PRESSURE ROOT LOCUS 
Using the aerodynamic approximating functions,  the stabil i ty problem is  
solved by calculating the roots of the characteristic equation. This chart 
presents a typical roo t  locus. of the flexible mode roots as a function of 
dynamic pressure for the DAST ARW-1 vehicle (arrows indicate increasing dynamic 
pressure). The solid  line  represents  the no control  case. A c lass ica l   f lu t te r  
behavior i s  apparent since the frequency of f lex ib le  modes 1 ( w i n g  bending) and 
2 (wing  torsion) tend to coalesce as  mode 1 crosses into the unstable region. 
Calculations performed for the w i n g  w i t h  f l u t t e r  suppression (dashed l ine)  in-  
dicate t h a t  t he  f lu t t e r  can  be delayed to  dynamic pressures  approaching 100 
percent above the no control case. Analyses o f  this type are o f  extreme value 
t o  the designer since he can see graphically the manner i n  which the control 
system i s  modifying the behavior o f  the flexible mode roots. A description 
of this analysis method i s  presented i n  reference 2 .  
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DYLOFLEX 
DYLOFLEX i s  an integrated system of stand-alone computer programs which 
performs c&namic loads analyses of flexible airplanes w i t h  active controls. 
DYLOFLEX incorporates a wide range of analysis capabili t ies which include 
calculating dynamic loads due t o  ( 1 )  continuous atmospheric turbulence, 
( 2 )  discrete  gusts,  and (3)  discrete  control  inputs. The input  to DYLOFLEX 
consists of externally generated structural d a t a ,  vehicle geometry, a transfer 
function representation of the active control system, and flight condition 
information. The o u t p u t  consists of e i ther  s ta t i s t ica l  quant i t ies  o r  time 
histories of the dynamic loads. DYLOFLEX i s  well documented and available from 
COSMIC (Computer Software Management and Information  Center). I t  was developed 
under contract by the Boeing  Company, Sea t t le ,  Washington. An overview of i t s  
capabilities  is  presented  in  reference 3. 
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TYPICAL DYLOFLEX RESULTS 
A typical example of DYLOFLEX's capability i s  presented on this chart .  A 
wind-tunnel model of a DC-10 derivative wing was analyzed. Predicted gust loads , 
both w i t h  and without an active control system, were calculated. Structural 
i n p u t  data were provided by the Douglas Aircraft Company. Turbulence was modeled 
as  a  Dryden spectrum f i t t e d  t o  measured wind?tunnel data. Results are presented 
i n  terms of the rms values per u n i t  gust velocity of w i n g  acceleration and w i n g  
bending moment as  a function of w i n g  semispan. 
DYLOFLEX has a lso been applied to several other aircraft configurations, 
both a t  NASA and w i t h i n  the  a i rcraf t  industry.  I t  has been  shown t o  be sui table  
for  both preliminary and f ina l  design s tudies .  
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I 
CONTROL  AW SYNTHESIS 
Through the  proper  se lec t ion  o f  (1  ) con t ro l  su r faces  and (2 )  sensors, 
( 3 )  cont ro l   laws  can be   syn thes ized  to :  
o I n c r e a s e   f l u t t e r  speed 
o Reduce loads   due   t o   gus ts  
o Reduce wing  loading  dur ing  maneuvers 
o Reduce a c c e l e r a t i o n  l e v e l s  w i t h i n  t h e  c r e w  and passenger  compartments 
o Augment t h e  b a s i c  a i r c r a f t  s t a b i l i t y  
Due t o   i t s  i m p a c t  o n  s a f e t y  o f  f l i g h t ,  f l u t t e r  s u p p r e s s i o n  i s  p r o b a b l y  t h e  
a c t i v e  c o n t r o l  c o n c e p t  f u r t h e s t  f r o m  r e a l i z a t i o n  and i s  t h e r e f o r e  an  area o f  
pr imary  emphasis   wi th in  NASA. The synthesis  methods  which wil be  descr ibed 
d e a l  p r i m a r i l y  w i t h  a c t i v e  f l u t t e r  s u p p r e s s i o n  b u t  t h e  m e t h o d o l o g y  can a l s o  
be e x t e n d e d  t o  o t h e r  a c t i v e  c o n t r o l  f u n c t i o n s .  
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SYNTHESIS METHODS 
Three methods for synthesizing active control systems that the au thors  
have  used and are familiar w i t h  a re  l i s ted  on this chart .  All three methods 
have  been applied t o  the flutter suppression problem. 
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CLASSICAL CONTROL  THEORY 
This chart describes the basic steps used when applying classical control 
theory. The f i r s t  two steps are common to  a l l  th ree  methods and normally begin 
with a parametric investigation, a t  a design p o i n t ,  to establish the number 
and location of control surfaces and sensors needed t o  provide the increased 
s t ab i l i t y .  In many cases ,  th i s  s tep  i s  a resu l t  of engineering judgment or the 
constraint t h a t  existing control surfaces be used. Once the number and location 
of control surfaces and  sensors are fixed, a control law i s  designed  using a 
combination of classical techniques including gain root loci, Nyquist diagrams, 
t r i a l  and e r ror ,  and engineering judgment. The s t a b i l i t y  of the system i s  now 
evaluated  over a range of flight conditions. If the system i s  unstable a t  off-  
design  conditions,  the  control law i s  modified. A t  this  point  in  the  design 
process, the forced response of the system t o  a rea l i s t ic  gus t  environment i s  
evaluated. If the control surface activity is beyond the capability of the 
actuator, either the control law i s  modified o r  the control surface is  res ized.  
In  t h i s  method, s t ab i l i t y  and forced response analyses are sequential and can 
lead t o  time consuming i te ra t ions ,  Once the system meets both s t a b i l i t y  and 
gust  cri teria,  the design is complete. 
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AERODYNAMIC ENERGY PRINCIPLE 
This chart presents the steps used when applying the relaxed aerodynamic 
energy method to the-simplest  case of a single trailing-edge control surface 
and a single  second-order  transfer  function. (The most general  case  uses a 
pair of leading- and trailing-edge control surfaces, two accelerometers, and 
two fourth-order transfer functions. ) The f i r s t  s t ep  i s  t o  f ix  the  con t ro l  
surface location and s ize .  This i s  normally done using  engineering judgment. 
The location of the accelerometer is  fixed w i t h  respect to the control surface. 
The basic form of the  control law has "free parameters" a ,  5 ,  and w which 
enables i t  t o  be ta i lored to  a specific application. T h i s  i s  accomplished by 
assigning initial values to the free parameters which s tab i l ize  the  system a t  
the  required  design  point.  This  tep i s  performed by t r i a l  and error .  Expe- 
rience has shown tha t  i f  the  system i s  i n i t i a l l y  s t a b l e ,  and the free parameters 
are changed in a way to  reduce stabil i ty,  the control surface activity in a 
gust environment increases.  Therefore,  the  final  values of the free parameters 
are determined by minimizing the forced response of the system to  a g u s t  i n p u t .  
By placing constraints on the free parameters as shown in reference 4 ,  the re- 
sulting  control law will be insensitive t o  changing fl ight  conditions.  In t h i s  
method, the gust response and s t a b i l i t y  problems are handled simultaneously and 
the resulting control law i s  optimal  with respect t o  control surface activity 
f o r  the given control surface size, location, and order of the control law. 
I f ,  a f t e r  t h i s  process i s  completed, the maximum control surface activity 
i s  unacceptable, then the control surface must e i ther  be repositioned, in- 
creased  in  size, or more controls added and the  process  repeated. I t  has been 
the author's experience t h a t  when th i s  method i s  combined with classical  design 
techniques, control laws can be synthesized which are near optimal and have 
excel lent   s tabi l i ty  margins.  (See  reference 5 )  
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OPTIMAL CONTROL THEORY 
Optimal  control  theory  provides  an  excellent  basis for a  systematic  ap- 
proach  to the control  law  synthesis  problem. The theory is  based  on the design 
of a  controller  which  minimizes  a  performance  function. Since the performance 
function  can  be  defined in terms of such  quantities  as  control  deflection, 
bending moment,  acceleration,  etc.,  the m thod  can  be  adapted  quite  easily  to 
multiple  control  tasks. The difficult  problem of synthesizing  control  laws 
that  involve  multiple  sensors and controls can  be  handled readily  with  this 
method.  It also  provides  the  very  attractive  feature of directly  synthesizing 
digital  control 1 aws. 
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OPTIMAL CONTROLLER DESIGN 
The Linear-Quadratic-Gaussian ( L Q G )  method has become the most widely 
accepted means  of synthesizing optimal control lers  ( ref .  6 ) .  However a short- 
coming  of t h i s  method, i n  par t icular  for  high-order systems (character is t ic  
of f lexible  a i rplanes) ,  i s  the requirement t h a t  the control law  be  of the same 
order as the system being modeled. That i s ,  a l l  s t a t e s  of the system must be 
estimated. Not only is  this unnecessarily complex, b u t  this full-order control 
law is often sensit ive to small  changes i n  the system parameters and very dif-  
f i c u l t  t o  implement i n  a f l i g h t  computer. The usual method for designing a 
low-order control law  from optimal control theory i s  t o  approximate the  fu l l -  
order control law through order reduction techniques such as truncation, re- 
sidualization, and transfer function matching ( re fs .  7 ,  8, and 9 ) .  These tech- 
niques a l l  r e su l t  in low-order control laws t h a t  are  n o t  optimal. 
A new approach has been developed for designing low-order optimal control 
laws ( re f .  10) .  The basicconcept i s  t o  begin w i t h  a full-order controller.  
Using engineering judgment, a few  key s ta tes  and their associated design vari- 
ables and i n i t i a l  values  are  selected from the full-order solution. A nonlinear 
programing algorithm i s  then used t o  search for the values of the control law 
variables which minimize the performance function. The result ing low-order 
control law i s  optimal for the states selected.  The  method i s  d i r ec t  and resul ts  
in a control law t h a t  i s  much easier t o  implement in a f l i gh t  computer. Com- 
parative features of the new method t o  the LQG method are given in the chart. 
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WIND-TUNNEL STUDIES 
Wind - tunne l  s tud ies  o f  ae roe las t i c  mode ls  a re  a c o r n e r s t o n e  o f  t h e  NASA 
research   p rogram.   Presented   on   th is   char t   a re  a number o f  models  that   have 
been  used t o  d e m o n s t r a t e  a c t i v e  c o n t r o l  c o n c e p t s  o n  a v a r i e t y  o f  c o n f i g u r a t i o n s .  
The Delta-wing model was t h e  f i r s t  e x p e r i m e n t a l  d e m o n s t r a t i o n  o f  f l u t t e r  sup- 
p ress ion  i n  t h i s  c o u n t r y  ( r e f ,  11 ) .  The  B-52  model was t e s t e d  i n  s u p p o r t  o f  
a USAF/Boeing f l i g h t  s t u d y  o n   a c t i v e   c o n t r o l s   ( r e f ,   1 2 ) .  Wing l o a d  a l l e v i a t i o n  
was s t u d i e d  i n  s u p p o r t  o f  a USAF/Lockheed program  using a C-5A model ( r e f .  1 3 ) .  
The DAST  ARW-1 model was used f o r  a v a r i e t y  o f  f l u t t e r  s u p p r e s s i o n  s t u d i e s  i n -  
c l u d i n g  an e v a l u a t i o n  o f  t h e  c o n t r o l  s y s t e m  t h a t  w o u l d  u l t i m a t e l y  b e  t e s t e d  on 
t h e  DAST f l i gh t   veh ic le ,   Con t ro l   l aws   were   syn thes i zed   and   t es ted  on t h e  model 
us ing  c lass ica l ,   aerodynamic  energy,  and op t ima l   methods   ( re f .  5 ) .  The F-16 
and YF-17 model t e s t s  have shown a c t i v e  f l u t t e r  s u p p r e s s i o n  t o  be a p romis ing  
method f o r   p r e v e n t i n g   w i n g / e x t e r n a l   s t o r e   f l u t t e r   ( r e f s .  14 and 1 5 ) .   A c t i v e  
c o n t r o l s  i s  e s p e c i a l l y  a t t r a c t i v e  f o r  f i g h t e r s  because o f  t h e  m u l t i t u d e  of 
p o s s i b l e  s t o r e  c o n f i g u r a t i o n s .  These s t u d i e s  a r e  p a r t  o f  a c o o p e r a t i v e   e f f o r t  
w i t h  t h e  Air F o r c e  F l i g h t  Dynamics  Laboratory/General  Dynamics/Northrop/NASA. 
The l a s t  s t u d y  was a coopera t i ve  e f fo r t  w i th  the  McDonne l l  Doug las  Corpo ra t i on  
on a DC-10 d e r i v a t i v e  w i n g .  The b r o a d  o b j e c t i v e s  w e r e  t o  a l l o w  NASA t h e  op- 
p o r t u n i t y  t o  a p p l y  i n - h o u s e  c o n t r o l  l a w  syn thes is  methods  to  a r e a l i s t i c  t r a n s -  
p o r t  c o n f i g u r a t i o n  w i t h  e n g i n e s  o n  t h e  w i n g  and a t  t h e  same t i m e  p r o v i d e  a 
r a p i d   t r a n s f e r   o f   r e s e a r c h   t e c h n o l o g y  t o  i n d u s t r y .  I n c r e a s e s  i n  f l u t t e r  speeds 
i n  excess o f  26 percent  were  demonstrated.  These  studies  are  an  extension  of  
t h o s e  r e p o r t e d  i n  r e f e r e n c e  
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FLUTTER SUPPRESSION DESIGN  STUDY 
The objective of  the wind-tunnel study was t o  provide a 44 percent increase 
in f l u t t e r  dynamic pressure for the aeroelastic model  shown  on the chart 
t h r o u g h  the use of active  controls. Two control laws were designed. One 
control law i s  based on the aerodynamic energy method, and the other is based 
on the results of optimal  control  theory.  Tests were performed in  the Langley 
Transonic Dynamics Tunnel. Both control laws  were  implemented on  an analog 
computer. The performance of the flutter suppression systems i s  i l lus t ra ted  
by the oscillograph records of wing acceleration and control surface position 
presented on the chart .  The test condition was a dynamic pressure 10 percent 
above the system-off boundary a t  M = 0.90. The trace begins w i t h  the system 
turned on. The system was then  turned  off f o r  approximately 4.5 seconds and 
then  turned on again. D u r i n g  the time the system*was  turned off ,  the  w i n g  
began t o  f lu t te r  as  evidenced by the rapid buildup o f  acceleration. The effect  
o f  turning the system on again was a rapid suppression of the oscillatory motion. 
Results of these tests are reported in reference 5.  
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TRANSONIC  AIRLOADS 
The a p p l i c a t i o n  o f  a c t i v e  c o n t r o l  t e c h n o l o g y  t o  a d v a n c e d  a i r p l a n e  d e s i g n s ,  
such as e n e r g y  e f f i c i e n t  t r a n s p o r t s ,  r e q u i r e s  t h e  u n d e r s t a n d i n g  o f  b o t h  s t e a d y  
and  unsteady  transonic  aerodynamics. No t h e o r y  h a s  y e t  been  developed  that  
can  accura te ly  p red ic t  uns teady  aerodynamic  charac ter is t i cs  a t  t ranson ic  speeds.  
Consequently, a w ind- tunne l  p rogram has  been in i t ia ted  a t  the  Lang ley  Research  
Center t o  e x p e r i m e n t a l l y  d e t e r m i n e  t h e  t r a n s o n i c  a e r o d y n a m i c  c h a r a c t e r i s t i c s  
o f  a r e p r e s e n t a t i v e  e n e r g y  e f f i c i e n t  t r a n s p o r t  w i n g  w i t h  emphasis  on o s c i l l a t i n g  
c o n t r o l   s u r f a c e s .   T h i s   t e s t   i s   p a r t   o f  a much la rge r   exper imen ta l   p rog ram  to  
acquire unsteady pressure measurements for  a w i d e  r a n g e  o f  a i r c r a f t  c o n f i g u r a -  
t i o n s .  The r e s u l t s   f r o m   t h i s   s t u d y  wil serve  two  purposes. One purpose i s  
t o  p r o v i d e  a comprehensive data base o f  measured pressure data that can be used 
i n  a i r p l a n e  d e s i g n ;  t h e  o t h e r  p u r p o s e  i s  t o  p r o v i d e  h i g h  q u a l i t y  d a t a  t h a t  can 
be  used t o  v a l i d a t e  t h e o r e t i c a l  methods  being  developed i n  companion  programs. 
A photograph o f  t h e  a s p e c t - r a t i o - 1 0 . 7 6  model  mounted i n  t h e  T r a n s o n i c  
Dynamics  Tunnel i s  shown on t h e   c h a r t .  The  model  has a s u p e r c r i t i c a l  a i r f o i l  
s e c t i o n  and i s  e q u i p p e d  w i t h  t e n  c o n t r o l  s u r f a c e s ,  f i v e  a l o n g  t h e  t r a i l i n g - e d g e  
and f i v e   a l o n g   t h e   l e a d i n g - e d g e .  Some r e p r e s e n t a t i v e   r e s u l t s   o b t a i n e d   b y  
o s c i l l a t i n g  an i n b o a r d  t r a i l i n g - e d g e  c o n t r o l  s u r f a c e  a r e  shown on t h e  r i g h t  i n  
the   cha r t .   Bo th   s teady  and  unsteady  chordwise l i f t i n g  p r e s s u r e  d i s t r i b u t i o n s  
are   p resented   fo r   two  spanwise   loca t ions .  The da ta  show t h a t  t h e  u n s t e a d y  
p r e s s u r e s  p r o d u c e d  b y  o s c i l l a t i n g  t h e  c o n t r o l  s u r f a c e  a r e  r e l a t i v e l y  l a r g e  when 
compared t o   t h e   s t e a d y   p r e s s u r e s   ( n o   c o n t r o l   s u r f a c e   o s c i l l a t i o n ) .  Even though 
t h e  o u t b o a r d  s t a t i o n  i s  f a r  removed f r o m  t h e  c o n t r o l  s u r f a c e ,  s i g n i f i c a n t  u n -  
s t e a d y  p r e s s u r e s  a r e  p r o d u c e d  f o r w a r d  o f  t h e  m i d c h o r d  a t  t h i s  s t a t i o n .  R e s u l t s  
o f  t h i s  i n v e s t i g a t i o n  a r e  p r e s e n t e d  i n  r e f e r e n c e  1 7 .  
Figure  15 
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CONCLUSIONS 
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